Tests of sedimentation (bleeding) and expansion of neat cement grouts were made as part of a program to insure successful grouting of large capacity, long vertical post-tensioning tendons and large capacity tendons on sharp curvatures. Water reducing and expansion producing admixtures for grout are recommended, together with standpipes at all high points of the tendon, to assure elimination of voids.
The typical secondary containment structure for a pressurized water reactor nuclear power plant of approximately 1000 Mwe capacity is illustrated in Fig. 1 . In the United States the trend has been to prestress the containment structures if the accident pressure is over 45 psi (3 kg/ cm2), generally using unbonded tendons. Because of the potential maintenance problems in using unbonded tendons, which are accessible for monitoring, it has been the desire of some power companies to use bonded tendons to avoid what may be considerable maintenance problems in the future. curvature with a large included angle, is somewhat limited. Experience to date has not revealed any particular problems, although in vertical tendons, two-stage grouting has been used in several known instances. To obtain confidence that large capacity tendons, with appreciable curvature and of lengths in excess of 200 ft. (60 m), could be grouted effectively to give a corrosion-free protection, considerable grout testing has been undertaken for several containment structures.
Assuming that good mixing and pumping equipment is used, there are basically only two concerns in insuring proper filling of a conduit with grout:
1. Sedimentation, sometimes called bleeding, has manifested itself in many ways in previous grouting experience. In sections taken through moderate size horizontal tendons (see Fig. 2 ) a small void can be seen at the top of the cross-section. This void has generally been reported as an air bubble. However, by inspecting the formation of this void in the plastic tubes, it could be seen that this void is not an air void but is actually created by the water left on top of a suspension when the fine material has settled to the bottom. Some standards permit up to 4 per cent bleeding. For a 200 ft. (60 m) long vertical tendon, this would result in a substantial void. This amount of bleeding is realistic, but the specifications generally do not recommend methods of eliminating voids caused by sedimentation. It is the author's opinion that voids on top of a horizontal conduit are not consequential, whereas voids formed in tendons with any substantial vertical rise could be critical depending on the environment. Therefore, for long vertical tendons, the sedimentation characteristic of the grout has to be known and if sedimentation cannot be controlled, the space left by the top water lens must be eliminated.
2. On sharp curvature, where individual wires or strands are tightly bunched together, the question is raised whether it is possible to get grout through the grouped elements, particularly on a radius of, say, 20-ft. (6 Tn). The testing to be described covers primarily these two items. All the tests performed in these programs were done with a neat cement grout which is the grout most commonly used in the United States. Since effective methods of grouting tendons were achieved with a neat cement grout, and a maximum alkali environment was desired for best corrosion protection, additional effort was not made to determine if inert fillers or flyash would have been beneficial. In this area, further work is definitely required.
TESTING FOR SEDIMENTATION AND EXPANSION
Some of the literature reports that bleeding phenomenon or sedimentation is practically negligible. These tests are generally based on use of very short cylinders with rather large diameters which are left open at the top and thus free to permit evaporation. We have found that to appreciate the amount of sedimentation that occurs, a 1-liter graduate is a convenient device, but for field work a transparent plastic tube about 2 to 4 in. (5 to 10 cm) in diameter and about 60 in. (1.5 m) high gives a more representative reading of the sedimentation. For convenience we place the grout to the 50-in. (1.3 m) mark in the pipe, using the flow cone as a funnel, so we can read the percentage of the expansion and sedimentation directly. In the metric system it is probably more convenient to use a 1.00 m (40 in.) column of grout, in which case readings in centimeters are directly in percent. This is suggested as a possible standard for evaluating expansion and sedimentation. It is important that the top of the cylinder be sealed to minimize evaporation. It is also important to remember that in the first 8 to 10 hr. after mixing, the free water at the top has to be observed because it has been found that re-absorption of the water occurs, and the bleeding phenomenon is obscured.
To evaluate the importance of different types of cements, admixtures, mixers, efflux time and water-cement ratio on expansion and sedimentation, information was gathered from various tests (Table 1 ). Though this is not an extensive tabulation, it gives a good picture of what can be expected. Note that bleeding ranges from 0.5 percent to 1.1 percent, and the expansion from 6 percent to 36 percent. From more extensive tabulations of grout characteristics it was concluded that sedimentation was not significantly affected by the above parameters. Speed of pumping and type of pump likewise had no significant effect.
It seems to be generally accepted that locking off the tendon under pressure (up to 100 psi) (7 kg/cm2) is good practice. To check this, tests were made to determine the amount of sedimentation that occurs under pressure locked in and pressure from expansive admixtures. To make a test of this nature, the best visual observations could be made by using a clear plastic tube so that the actual sedimentation could be seen taking place over a period of time. These tubes were grouted by placing the grout in from the top to a specific height, and then the tops were sealed so they could support pressure. The grout then was pumped until a pressure of 50 to 100 psi (3.5 to 7.0 kg/cm2) was obtained. Pressure gauges were installed in the grout pipes. Several interesting items appeared from this test. One was that expansion caused by the aluminum powder will appreciably increase the pressure within the conduit. Because of the limitation of pressure that could be taken by the plastic tubing, additional pressure caused by the expansion admixture of only up to 50 psi (3.5 kg/cm2) was permitted on the conduit, and then the pressure was released. Of particular interest, it was noted that settlement occurred under pressure and left a void at the top of some of the cylinders. Also, intermediate sedimentation occurred. The material above apparently arched, and water lenses occurred through the cross-section of the conduit (Fig. 3) . Seven tests in the 10-ft. (3 m) plastic tubes were made using different admixtures and no admixtures. Five of the seven tests had water at the top and at some intermediate locations.
To determine the reproducibility of the sedimentation to larger scale, eleven 5-in. (12.7 cm) diameter spiral steel tubes, 20 ft. (6 m) high were tested. Both Type II and Type III cements were used and bundles of 50 1k-in. (12.7 mm) diameter strands were included in eight of the con- Table 2 . This test, which was developed by Burns and Roe on behalf of Jersey Central Power and Light Company, uncovered a phenomenon not apparently realized before, namely, that the strands caused increased sedimentation. The phenomenon, labeled "water transport mechanism", is believed to be a filtering process. The seven-wire strands consisted of six wires wrapped spirally and tightly around a slightly larger diameter center wire. The space between the six wires is large enough to permit passage of water, but not of most of the cement particle sizes. The space formed between the six spiral wires and the center wire becomes a path for the filtered water. Since the specific gravity of the grout is about twice that of the water, the water is forced up ahead of the grout. This can cause water pockets on top of the tendon in the range of 20 percent of the total free volume in the conduit. Fig. 4 shows the magnitude of the void created by the water transport mechanism.
Tests were made to determine if this water transport mechanism occurred with all types of strands, and also with grouped parallel bars. It was thought that possibly a Dyform strand, which is pulled through a die after stranding, would be too tightly packed for this phenomenon to occur; however, tests indicated about the same phenomenon with Dyform strand. A loosely twisted strand produced no water transport mechanism; apparently the spaces between the wires were too great to act as a filter. It is not known if this loosely woven strand would remain this way if it were stressed. A tube with three 5/s-in. (16 mm) bars manifested twice the sedimentation of a tube with the same grout but no bars. The sedimentation and expansion vs. time are shown in Fig. 5 .
The effects of different admixtures on the water transport mechanism were tested. It was thought that possibly a gelling agent, which would tend to keep the cement in suspension and form a thixotropic mix, might be useful. This produced no improvement with strands when using up to 0.05 percent gelling agent by weight of cement. However, small quantities of gelling agent appeared promising for wire and bar tendons. It was concluded that the water transport mechanism was a particular phenomenon of strand tendons and other procedures would have to be developed to cope with this condition. Actually the phenomenon seemed to be beneficial to the grout in that it reduced its water/cement ratio and eliminated intermediate lenses.
Other tests were performed by Burns and Roe actually using the strand to remove the water from the top end of the tendon. Small scale tests showed promise, but larger scale tests did not produce the desired results. Possibly further work will be fruitful in utilizing this phenomenon. It was thought that the voids produced by sedimentation, described above, might be a particular problem with grouted long vertical tendons. Although corrosion consultants did not believe water lenses would pose a corrosion problem, because of the enclosure of a gas-tight galvanized duct and the highly alkaline environment, it was deemed desirable to try to eliminate the voids.
From small scale tests, it was concluded that, to insure substantial filling of large vertical conduit containing bar tendons, it would be advisable to eliminate or greatly minimize cement particle sedimentation. Further, since complete elimination of sedimentation was in doubt, a sure system of monitoring the sedimentation process was needed. The simplest way to do this was to leave an open vent hole at the top of the anchorage cap. This fitted in well with the decision not to lock off the conduit under pressure immediately after grouting.
Tests had indicated repeatedly that sedimentation occurred even when the conduits were maintained under pressure, either locked in or due to grout expansion, since both top and intermediate water lenses were observed under these conditions. Furthermore, since initially expansion and sedimentation occur simultaneously, (although sedimentation may continue after expansion stops) it appeared more logical to permit the expanding grout to overflow at the top of the conduit, carrying with it the water separated by sedimentation.
To minimize the sedimentation, particularly the part that would occur after expansion ceased, various types of admixtures and inert fillers were considered. The material which seemed most promising was a gelling agent. Tests were performed with admixtures which included a gelling agent of the soluble cellulose type along with expansion agents. The grouting admixture "Intracrete 2-2," which produces nitrogen gas as an expansion agent, was modified to include the gelling agent. Laboratory tests consistently showed the virtual elimination of sedimentation and also indicated (Fig. 6 ) that the nitrogen gas production was not significantly dependent on the type of cement as in the case of hydrogen gas developed by the alkali reaction on aluminum powder.
For this particular tendon, Type III cement under a carefully controlled grouting procedure was advantageous because it has faster initial set, thus less time for sedimentation. Also, more finely ground cement has slightly less tendency toward sedimentation. Tests comparing Type II and Type III cements confirmed this.
Based on the successful laboratory tests, no further approach was studied, and field tests were performed on 3-in. (7.6 cm) diameter plastic tubes, 11 ft. (3.35 m) high. These tests indicated no sedimentation and about 5 percent expansion. To confirm the apparent success, two 30-ft. (9 m) high grout tests were made, using 6-in. (15 cm) plexiglas tubes with six 1-% in. (35 mm) bars installed. Fig. 7 shows the thixotropic grout rising in the plastic tube through the anchorage, free of any surface water. Besides the visual inspection of the plexiglas tube and the plexiglas anchorage assembly during the grouting procedure, the test specimens were cut into various sections to determine the completeness of the grout filling. In all cases the grout completely filled all spaces including the interstices in the anchorage and under the anchor plate. (5 cm) sleeve so that the expansion could be measured. The expansion, crudely measured, amounted to about 0.5 percent. This was to be expected because the grouting operation took about 1 hr., and during that time a good part of the expansion took place. When the expansion was completed, the inverted Lpipe was removed and the surface of the 2-in. (5 cm) sleeve covered to prevent evaporation. Observation until final set did not reveal any surface water or subsidence of the grout. The performance of this grout was excellent.
TENDONS ON SHARP CURVATURE
For tendons with a capacity of over 1000 kips (454 metric tons), 90 1/4-in. (6.35 mm) diameter wires or 28 '/2-in. (12.7 mm) diameter strands would be required. If this large number of individual elements is packed tightly into a conduit on sharp curvature, there is a question whether the grout can find its way between all the wires or strands. The limited information on actual performance indicated that grout could pass through a reasonable number of wires or strands effectively, although information was not available on performance on sharp curvatures.
The question was, if the wires or strands were packed tightly together, whether the space between these layers of wires would permit the air to be exhausted so that the space could be filled with grout. This was a greater potential problem with wires than with strands because the twisted strands always tend to have transverse space available between bunched strands.
To settle some of these questions for a Metropolitan Edison Company nuclear plant, Gilbert Associates, the architect-engineer, prepared a test to determine the effectiveness of grouting wire tendons. Two 90-wire tendons in the form of an S vertical curve were placed in a beam curved to a 68-ft. (21 m) horizontal radius. The vertical curves were of 20-ft. (6 m) radius. The tendons were stressed and grouted, and with this sharp curvature there was difficulty in getting all the spaces between the wires filled with grout (Fig. 8) . The writer then suggested that strand tendons should not have this problem, and a test was performed by VSL Corp. in Bern, Switzerland, with a 28-strand tendon, on a 20-ft. (6 m) radius using the VSL system. The results indicated complete coverage of the strand as shown in Fig. 9 .
This test led Burns and Roe, the architect-engineer on another nuclear power plant for Jersey Central Power and Light Company, to establish a test program to determine the feasibility of grouting large posttensioning tendons effectively. The results of these tests, shown in Table  3 , indicated clearly that to grout wire tendons effectively, the wires could not be permitted to bunch together or had to be pre-grouted prior to tensioning. However, strand tendons could be grouted satisfactorily stranded together to achieve the same type of transverse venting existing with seven-wire strands.
On the basis of the tests described above, it was decided to use only strands in grouted curved tendons. To verify that effective grouting was reproducible in a full-scale tendon, a mock-up of a containment wall section, Fig. 10 , was built with provision to accomodate a series of test tendons. Tendons with up to 54 %-in. (12.7 mm) diameter strands were installed in this test wall, and successfully grouted. Samples of the tendons indicated excellent grouting except that the water transport mechanism described for the vertical tendons was also present in the vertical rise of the tendons above the simulated equipment hatch. At the top of this vertical rise, bleed water was trapped and caused a void. This pointed out the need to permit overflow of the separated water by means of some type of stand-pipe.
GENERAL RECOMMENDATIONS
For grouting tendons with any appreciable vertical rise, if voids are to be eliminated, past practices of grouting will not do the job. For these conditions, it is recommended that:
1. For wire or bar tendons a gelling plus an expansion additive be used in the grout. The additive should be a water reducer but not a retarder. The tendon should not be locked off under pressure, but free expansion should be permitted through a vertical extension that rises above the highest point of the tendon. Grout pumping should be continued until grout of proper consistency overflows at the standpipe. 2. For strand-type tendons, it is recommended that neat cement grout with a water reducing, but not a retarding, admixture be used. Use of a standpipe at all high points in the tendon, with sufficient capacity to hold the amount of grout required to displace the water separated by sedimentation is advised. It is preferable to arrange the standpipe so that the grout may be puddled under the anchorage to assure that the water pocket is displaced by the standpipe grout. Other methods are being considered but the above method presently appears best. Tests made on high-strength bars were planned and supervised by Ebasco Services, Inc., and the author for Westinghouse Electric Corporation, prime contractors for Robinson Nuclear Power Plant of the Carolina Light and Power Company.
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